[1] In this study we present an assessment of the impact of future climate change on total fire probability, burned area, and carbon (C) emissions from fires in Europe. The analysis was performed with the Community Land Model (CLM) extended with a prognostic treatment of fires that was specifically refined and optimized for application over Europe. Simulations over the 21st century are forced by five different high-resolution Regional Climate Models under the Special Report on Emissions Scenarios A1B. Both original and bias-corrected meteorological forcings is used. Results show that the simulated C emissions over the present period are improved by using bias corrected meteorological forcing, with a reduction of the intermodel variability. In the course of the 21st century, burned area and C emissions from fires are shown to increase in Europe, in particular in the Mediterranean basins, in the Balkan regions and in Eastern Europe. However, the projected increase is lower than in other studies that did not fully account for the effect of climate on ecosystem functioning. We demonstrate that the lower sensitivity of burned area and C emissions to climate change is related to the predicted reduction of the net primary productivity, which is identified as the most important determinant of fire activity in the Mediterranean region after anthropogenic interaction. This behavior, consistent with the intermediate fire-productivity hypothesis, limits the sensitivity of future burned area and C emissions from fires on climate change, providing more conservative estimates of future fire patterns, and demonstrates the importance of coupling fire simulation with a climate driven ecosystem productivity model. Citation: Migliavacca, M., et al. (2013), Modeling biomass burning and related carbon emissions during the 21st century in Europe,
Introduction
[2] Biomass burning is one of the main natural disturbances affecting ecosystems with important impacts on vegetation structure and functioning. Emissions from fires (greenhouse gases, black carbon, aerosols, and their precursors) may impact air quality and have a positive feedback on the climate system [Arneth et al., 2010; Bowman et al., 2009; Randerson et al., 2006] .
[3] Carbon (C) emissions from global fires contribute to present day CO 2 emissions and are estimated to be about 2-4 PgC yr À1 [Bowman et al., 2009] . Van der Werf et al. [2010] updated these estimates to 2.0 Pg C yr À1 for the period 1997-2009, with a pronounced interannual variability (1.56-2.8 Pg C yr À1 ).
[4] The heterogeneous distribution of fires in space and time depends on three main factors: (1) weather variability, which impacts fire regimes (i.e., spatial patterns, frequency, and intensity) and burned area [e.g., Flannigan et al., 2000] ; (2) availability of fuel (i.e., biomass to burn); and (3) human activity, which influences fire patterns either by igniting fires (intentionally or accidentally) or by suppressing both anthropogenic and natural fires [e.g., Pechony and Shindell, 2010] .
[5] Fire frequency and intensity, burned area, and, consequently, C emissions from fires are expected to increase in the future in response to changes in climatic conditions. However, in the literature there are a number of contrasting projections of global fire patterns for the 21st century. For instance, Flannigan et al., [2005] estimated that in the future the CO 2 emissions from fires will increase. Conversely, Kloster et al. [2010] , showed more conservative estimates, concluding that the increase of C emissions by fires due to climate could be globally counterbalanced by changes in other factors such as land use, harvest, and demography. Krawchuck et al. [2009] showed spatial patterns of fire expansion (i.e., increase of fires in about 9% of lands at global scale) and retreat (i.e., reduction of fires in 19% of lands) at global scale for the period 2010-2039 under the middle-high (A2) emission scenario of the Intergovernmental Panel on Climate Change Special Report on Emission Scenarios (SRES) [Nakicenovic and Swart, 2000] .
[6] When the same climate scenario is used in the models, the differences between the estimates of future fire regimes reported in the literature are mainly due to differences in model structures; depending, for instance, on whether the complex interactions between fuel availability, vegetation productivity, climate, and the sources of anthropogenic ignition are implemented, and how they are represented. As an example, when plant growth is expected to decrease under climate change, because of being limited by water availability, fire models driven exclusively by climate typically overestimate the fire occurrence and burned area [Loepfe et al., 2010] . Therefore, the interactions between climate, fires, human activity, and vegetation productivity need to be properly accounted for in long-term simulations [Flannigan et al., 2000; Krawchuk and Moritz, 2011; Murphy et al., 2011] . These interactions are the subject of extensive research. For instance, the conceptual nonlinear relationship between fire frequency, vegetation productivity, and aridity were extensively investigated by Krawchuk and Moritz [2011] and Murphy et al. [2011] . Recently, the "intermediate fireproductivity hypothesis" has been suggested [e.g., Pausas and Ribeiro, 2013] . This conceptual model is based on the different relative importance of the two main drivers of fire patterns (weather and biomass availability) along the net primary productivity (NPP) gradient. According to this hypothesis, fire activity peaks at intermediate levels of aridity/ productivity and decreases toward arid as well as productive ecosystems. However, the hypothesis remains to be validated across all world ecosystems, in particular at regional scale [Pausas and Bradstock, 2007] .
[7] Regional and global process-based fire models developed in the last decade, and embedded in state of the art land-surface models, incorporate an explicit description of both natural and anthropogenic ignition, as well as anthropogenic fire suppression [Kloster et al., 2010; Li et al., 2012; Migliavacca et al., 2013; Pechony and Shindell, 2009] . Recent works indicate that process-based models, relating fire occurrence, burned area, and climate change [e.g., Kloster et al., 2011; Murphy et al., 2011; Prentice et al., 2011] are key to the development of reliable fire regime projections. For instance, results by Migliavacca et al. [2013] and Prentice et al. [2011] showed that these models are generally able to mimic correctly the observed relationship between burned area, climate (temperature-precipitation patterns), and vegetation productivity. Therefore, given their complexity, they can take into account the multiple interactions between competing processes that might act in opposite ways in determining future fire regimes due to the full coupling between the fires, vegetation, and hydrological modules.
[8] In Europe, fires are a major threat to human lives and property, with severe impacts on ecosystems and societies [Rego et al., 2010] . This is particularly true for Mediterranean ecosystems, where the number of fires and of extreme fire seasons has increased dramatically during recent decades, mostly due to changes in land use and to socioeconomic drivers [Pausas, 2004 [Pausas, , 2008 . However, part of the observed increase in the number of fires may be also due to the improvement in statistical reporting of fires .
[9] In southern Europe, over the next 100 years, climate change is expected to result in an increase of summer temperatures of up to 4-5°C and a reduction in precipitation during summer of up to 50% [Christensen et al., 2007] . Because summer drought and burned area are strongly linked in the Mediterranean regions [Carvalho et al., 2010; Pausas, 2004] , the projected increase in temperature and drought frequency might lead to an increase in fire potential, which is very likely to become an even more serious threat to Mediterranean forests and human well-being, especially in rural areas [Lindner et al., 2010] . On the other hand, climate change will probably decrease the NPP of forests in Southern and continental Europe [Alcamo et al., 2007] , thus reducing the total availability of fuel to burn.
[10] Projections of European fires are extremely variable due to the variety of models used (from data-oriented/statistical models to mechanistic models) and the spatial scales at which the models were applied [Flannigan et al., 2009] . Many studies in Europe have focused on the local scale [e.g., Carvalho et al., 2011; Pausas, 2004] . For instance, for Portugal, Carvalho et al. [2010] predicted dramatic increases in fire occurrence (279%) and burned area (478%) at the end of the 21st century, compared to 1980-1990. However, relatively few studies have been carried out at continental scale [Amatulli et al., 2013; Schelhaas et al., 2010] . For instance, Amatulli et al. [2013] showed a projected increase in the burned area in the European Mediterranean regions of about 66% and 140% under the A2 and B2 scenarios, respectively.
[11] In addition to the uncertainty due to model structure, future projections are uncertain because the climate data used to drive fire models may be biased. Many studies have evaluated Regional Climate Model (RCM) predictions against observed meteorological data and showed, generally, an overestimation of summer temperatures in South-Eastern Europe and precipitation in Northern Europe [e.g., Christensen et al., 2008; Dosio and Paruolo 2011] . These biases are particularly relevant for precipitation and temperature, and may significantly affect the results of process-based impact models as demonstrated for analyses conducted over the present climate with hydrological [Rojas et al., 2011] and crop productivity [Hawkins et al., 2013] models.
[12] The objective of this analysis was to investigate how fire probability, burned area, and fire emissions may change during the 21st century in Europe. For this purpose, we used the Community Land Model (CLM) Thornton et al., 2009] with the fire routine implemented by Kloster et al., [2010] and further refined for Europe [Migliavacca et al., 2013] . Hereafter, we refer to this model as CLM-AB.
[13] The meteorological forcing used in this study is based on five different RCM simulations under the emission scenario SRES-A1B [Nakicenovic and Swart, 2000] , developed in the context of the ENSEMBLES Framework Project 6 (FP6) Project [van der Linden and Mitchell, 2009] . To quantify the uncertainty generated by systematic bias in climate scenarios, we also employed, for the same RCMs, temperature and precipitation data sets bias corrected by Paruolo, 2011, Dosio et al., 2012] .
[14] The objectives of the analysis are the following: (i) to assess the benefits of using bias-corrected regional climate simulations as meteorological forcing to simulate spatiotemporal variability of fire regimes (i.e., burned area and C emissions from fires); (ii) to quantify the potential impacts of climate change on fire regimes at pan-European scale; (iii) to evaluate the relative importance of climate (temperature and precipitation) and vegetation functioning (i.e., NPP) in determining current and future patterns of simulated fire regimes; and (iv) to characterize the future changes in the spatial patterns of the main drivers of fire regimes in Europe.
Materials and Methods

Description of CLM
[15] All simulations conducted in this study were performed with a modified version of the Community Land Model version 3.5 [Stöckli et al., 2008] . The modifications of the model physics beyond CLM3.5 incorporate most of the updates on the carbon and nitrogen biogeochemical model implemented in CLM version 4 and include the updated revisions to the hydrology scheme Thornton et al., 2009] .
[16] The prognostic treatment of fires is based on the fire algorithm developed by Arora and Boer [2005] , implemented within CLM by Kloster et al. [2010] , and optimized for Europe (CLM-AB), where the model was successfully applied to simulate fires for the present climate [Migliavacca et al., 2013] . Here the modified and recalibrated fire algorithm is briefly described.
[17] CLM-AB refined for Europe computes at each time step the total probability of fire occurrence (IP_P) as the product of three terms: the probability related to biomass availability (IP_P b ), the probability conditioned on the moisture (IP_P m ), and the probability of ignition (IP_P i ).
[18] IP_P b takes into account the availability of biomass for burning (i.e., total fuel load) and is defined as:
where F is the portion of the aboveground biomass represented by litter and coarse woody debris pools, and F l and F u are constants set to 155 gC/m 2 and to 1050 gC/m 2 , respectively [Li et al., 2012] .
[19] IP_P m is expressed as:
Where m is the plant available volumetric water content in the top 5 cm of the soil, m is used as a surrogate for fuel moisture content [Thonicke et al., 2001] , and m e is the moisture of extinction, set to 0.35, independent of fuel type [Kloster et al., 2010] .
[20] One of the main improvements introduced by Kloster et al. [2010] is the definition of the total ignition probability, IP_P i , variable in space and time, in contrast to the original formulation [Arora and Boer, 2005] .IP_P i is therefore calculated as:
[21] Where IP_P l is the natural (lightning) ignition probability, IP_P h is the human-induced ignition probability, while F s is the probability of fire suppression.
[22] IP_P l is controlled by lightning, and is a function of cloud to ground lightning frequency, (LF, flashes/km 2 /month), which is linearly scaled between essentially no flashes (LFlow = 0.02 flashes/km 2 /month) and the maximum observed values (LFup = 0.70 flashes/km 2 /month).
Where β is defined as:
[23] The human ignition probability (IP_P h ) is described by using the relationship developed by [Venevsky et al., 2002] , further modified by Kloster et al., [2010] , which relates fire occurrence to population density (ρ) in terms of interactions of humans with natural ecosystems. The parameters of the equation were calibrated for Europe by Migliavacca et al. [2013] :
Where ρ up is set to 800 inhabitants/km 2 .
[24] F s probability (F s ) also depends on ρ. According to Kloster et al. [2010] , fire suppression is more likely to take place in densely populated areas, where typically high property values are at risk [Stocks et al., 2003; Theobald and Romme, 2007] and more resources and infrastructures are available for suppression.
[25] F s is parameterized according to Migliavacca et al. [2013] .
Where a = 0.0514 and b = 0.0292. Equation 7 assumes that fire suppression increases as ρ increases and, in more densely populated areas, 90 % of the fires are suppressed.
[26] The model computes the burned area at each time step according to Arora and Boer, 2005 as described in Kloster et al. [2010] . The fire is assumed to spread from the ignition point as an ellipse. The shape of the ellipse depends on fire spread rates in upwind and downwind directions as well as the length-to-breath ratio [Arora and Boer, 2005; Kloster et al., 2010] .Fire spread rate is a function of wind speed and soil moisture.
[27] Finally, the amount of carbon emissions into the atmosphere is computed for each time step and plant-functional-type (PFT) following a modified Seiler and Crutzen [Seiler and Crutzen, 1980] approach [Van Der Werf et al., 2006] :
[28] Where i is the PFT in the grid-cell, BA represents the burned area, C i the carbon pool sizes, cc i the combustion completeness, and mort i the mortality factor for each of the PFT in the grid-cell. The PFT-specific parameterization is reported in Kloster et al. [2010] .
[29] The results of the validation of CLM-AB simulations using the ERA-Interim reanalysis as meteorological forcing are described in Migliavacca et al., 2013 . After the specific calibration performed for Europe, the model showed a good description of the country-based average burned area (r = 0.9, p < 0.001), while the description of the interannual variability was poorer (r = 0.43-0.57, mean absolute error (MAE) = 0.0581-0.0631 MHa/yr, with respect to the validation data set used). More in detail, the results showed an accurate estimation of the average burned area, while an underestimation was observed in years with an extreme fire season in Mediterranean countries. Moreover, Migliavacca et al., [2013] showed that the model was able to mimic the observed sensitivity of burned area to climate (temperature and precipitation) and aboveground biomass. This is particularly relevant for the applicability of CLM-AB to simulate future burned area and emissions from fire under a climate change scenario as in the present study.
Meteorological Forcing
[30] Simulations were forced by the outputs of an ensemble of high resolution RCMs, which were used to downscale dynamically global climate models (GCMs). In this study five RCMs runs (Table 1 ) performed in the Framework Project 6 (FP6) ENSEMBLES [van der Linden and Mitchell, 2009] were selected. Climate simulations were driven by the SRES A1B aerosol and green house gases emission scenario based on the following assumptions: a future world of very rapid economic growth, low population growth, and rapid introduction of new and more efficient technology. Major underlying themes are economic and cultural convergence and capacity building, with a substantial reduction in regional differences in per capita income. In this world, people pursue personal wealth rather than environmental quality [Nakicenovic and Swart, 2000] .
[31] The meteorological drivers selected to run CLM-AB were: daily average air temperature, precipitation, wind speed, mean sea level atmospheric pressure, incident global solar radiation, and specific humidity.
[32] RCM outputs were corrected for biases in temperature and precipitation as described by Dosio and Paruolo [2011] and Dosio et al. [2012] . All the model runs driven by the same emission scenario represent an equally probable projection of the future evolution of the climate. However, due to differences in formulation and physical parameterization, different climate models may present significant regional and seasonal differences in temperature and precipitation (Table 1) .
[33] Here we selected RCMs runs that represent both the mean climate change signal and the most extreme deviations from it. By doing this, we assume that the main statistical properties of the whole ensemble of simulations are conserved as shown by Dosio et al. [2012] . We performed two different sets of CLM-AB runs, driven by either the original or the bias corrected forcing.
Modeling Set-up
[34] Simulations with CLM-AB were conducted on a domain covering Europe at a spatial resolution of 0.25°× 0.25°f or the period 1960-2099. The model runs were performed at half-hourly time steps, and results were aggregated at monthly time-step.
[35] CLM-AB simulations were driven by transient nitrogen deposition [Lamarque et al., 2005] and atmospheric CO 2 concentration [Friedlingstein et al., 2006] . Population density data for model runs were taken from the HYDE data set [Goldewijk, 2001] , according to the SRES A1B. All the data sets were regridded to match the model resolution applied in this study. a The climate change signal is defined as the difference between the average of the climate variable for the future period (2071-2100) and the reference period . Data are reported for Europe, northern, and southern Europe and for winter (DJF, December-January-February) and summer (JJA, June-July-August) periods.
[36] Because of the lack of lightning scenarios, highresolution monthly climatology of the LIS/OTD v2.2 was used, and therefore, lightning is assumed constant from year to year up to 2099. Although this assumption might be potentially limiting for the description of future lightning patterns, it can be considered of secondary importance because the percentage of fires ignited by lighting in Europe is low (less than 5 % according to Rego et al. [2010] ).
[37] The initial conditions for the model runs were simulated as described in Migliavacca et al. [2013] . Briefly, in order to reach the steady-state of the carbon pools, we ran CLM-AB from arbitrary initial conditions using first the "accelerated decomposition spin-up" for 1000 simulation years. Then, CLM-AB was run for another 1000 years driven by a stationary climate data set constructed by repeating randomly years from the period 1960-1980, similarly to Prentice et al. [2011] . The spin-up procedure was repeated for all the RCMs used in the following analysis.
[38] We performed two different sets of CLM-AB runs with different meteorological forcings, the first driven by the original ensembles RCMs runs and the second driven by bias-corrected data.
Evaluation Data Set
[39] The performance of CLM-AB was evaluated over the present climate (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) by comparing monthly burned area and C emissions from biomass burning simulated with the data reported in two independent data sets: the Global Fires Emission Database v3 (GFED) and the Global Fire Assimilation System v1.0 (GFAS).
[40] The GFED is a global data set containing monthly estimates of burned area and emissions from biomass burning since July 1996 at 0.5°× 0.5°spatial resolution. The burned area reported in GFED is a satellite product based on Moderate Resolution Imaging Spectroradiometer (MODIS) fire counts . The GFED carbon, trace gas, and aerosol emissions from biomass burning are obtained combining the burned area data with a biogeochemical model (CASA-GFED) that calculates biomass and carbon allocation to different plant tissues [Van Der Werf et al., 2006] .
[41] The biomass burning emissions estimated by GFAS are based on the assimilation of Fire Radiative Power observations from the MODIS instruments on board the Terra and Aqua satellites [Kaiser et al., 2012] . Daily carbon emissions have been calculated on a global 0.5°× 0.5°grid from 2003 to the present. General consistency between the carbon emissions reported in GFAS and GFED were reported in the literature [Kaiser et al., 2012] . The main difference at European level between the two data sets was due to omission errors in GFED burned area related to undetected small fires.
[42] It should be noted that both GFAS and GFED are not pure observational products as the burned area and the emissions from fire are partly modeled, although largely based on remote sensing data. However, the two data sets represent a comprehensive attempt to derive burned area and biomass burning emissions from Earth observation data and to provide a suitable source of information for validating and improving fire models [Prentice et al., 2011] . In addition, Migliavacca et al. [2013] showed a good agreement between GFED burned area and the statistics reported at country level in the European Forest Fires Information System.
Statistical Analysis 2.5.1. Model Evaluation
[43] To evaluate the accuracy of the model results, we computed the mean absolute error (MAE), the root-meansquare-error (RMSE), the determination coefficient (R 2 , i.e., the total observational variance explained by the model), the Pearson's correlation coefficient (r), and the reduced major axis linear regression coefficients between observed (GFED and GFAS) and modeled (with original and biascorrected forcing) burned area and C emissions from fires [Janssen and Heuberger, 1995] .
[44] The analyses presented in this study were performed over the regions defined in Figure 1 : the European domain (EU), the Iberian Peninsula (IP), southern Europe (SEU), central and eastern Europe (CEU), northern Europe, and Baltic areas (NEU), and British Islands (UK).
Computation of Future Scenarios and Anomalies
[45] For all the model runs, we computed the anomalies relative to the present climate , hereafter referred as the "baseline") of (i) the different components of fire probability (equations 1-3), (ii) annual burned area, and (iii) C emissions (equation 8). These analyses were conducted over the time series and also for three different "future" periods (2010-2039; 2040-2069; and 2070-2099) .
[46] To evaluate the future occurrence of anomalous severe fire seasons (i.e., extremely high C emissions from fires), the 90th percentile of the C emissions for the baseline period was computed for each model run. For each region and future period, the number of years exceeding this threshold was computed. This analysis was also conducted on detrended time series, in order to analyze present and future interannual variability of fire regimes for the different future periods. In this study the interannual variability was computed as the standard deviation of the annual sums of burned area and C emissions detrended.
Relative Importance Analysis
[47] Murphy et al. [2011] and Krawchuk and Moritz [2011] defined a conceptual nonlinear relationship between fire activity, biomass, and aridity (as the product of temperature and water availability). The conceptual model assumes a limited fire activity in very dry, unproductive environments where fires are typically limited by biomass availability, while in wet and productive ecosystems, fires are limited by The observational data sets used to test models are the Global Fires Assimilation System version 1.0 (GFAS) and the Global Fires Emissions Database version 3.0 (GFED). MAE is the mean absolute error; RMSE is the root-mean-square-error; R 2 , slope, and intercept are the determination coefficient, slope, and intercept of the Reduced Major Axis regression between observed and modeled C emissions. ns represents areas without statistical significant correlation between observations and simulations. high fuel moisture. As a consequence, fire activity tends to be more prominent at intermediate levels of aridity (warm temperatures and low precipitation) and productivity (i.e., the "intermediate fires-productivity" hypothesis).
[48] Migliavacca et al. [2013] demonstrated that CLM-AB was able to catch reasonably the observed relationship between burned area and temperature, precipitation, and productivity (and biomass availability).
[49] In this study we tested whether CLM-AB is also able to mimic the intermediate fire-productivity hypothesis [Pausas and Ribeiro, 2013] . To disentangle the relative importance of temperature, precipitation, and NPP in determining the temporal and spatial variability of present and future fire regimes, we used the lmg (Linderman-MerendaGold) method [Lindeman et al., 1980] , and implemented it into the relaImpo Package [Grömping, 2006] of R (Comprehensive R Archive Network, 2013). The lmg method allowed us to quantify the contribution of different correlated regressors (i.e., drivers) to a multiple linear regression model.
[50] The lmg method relies on the computation of R 2 for the permutations of all the possible regressors and ordering. Briefly, lmg can be interpreted as the average, over model sizes (i.e., different number of regressors), of the improvement of the explained variance when a specific regressor X is added to a model of a particular size (without X as predictor). More details can be found in Grömping [2006] .As result, lmg decomposed the R 2 of the multiple regression model into nonnegative contributions of the different regressors that automatically sum to the R 2 .
[51] Here we used the C emissions as the dependent variable; and temperature, precipitation, and NPP as regressors. The analysis was conducted for each grid-cell on the ensemble average of the five model runs, for the baseline and all the future periods, with the aim of analyzing first, the main driver of the interannual variability of C emissions from fire, and second, if and how climate change affects the relative importance of the three drivers.
Results
Evaluation of Model Performance
[52] Time series of simulated and observed C emissions averaged over the different regions are shown in Figure 2 . Modeled C emissions slightly overestimate the GFED observations both for the original (CLM) and bias-corrected (CLM BC) runs. The overestimation is higher for southern Europe and for the entire European domain. The agreement between model and observations is generally higher with GFAS, as shown in Table 2 , where the statistics of the model evaluation are reported. At European scale, the MAE is lower for GFAS (0.80 TgC/month) than for GFED (0.87 TgC/month), while the R 2 is higher for GFAS (71% of the variance of the observed monthly C emissions is explained by CLM-AB). Fire activity in the UK is smaller than in the other regions by one to two orders of magnitude; here the carbon emission estimates of GFAS may be dominated by insufficiently masked spurious thermal signals observed over industrial sites.
[53] The model accuracy increases when using the bias corrected meteorological forcing. The main difference is a reduction of the model bias at European scale (~17% of reduction of MAE and 26% of the increase of the slope of the linear regression, GFAS versus CLM-AB, where the improvement of the R 2 is negligible).
Scenarios
[54] On the basis of the results presented above, we further discuss the projections obtained by CLM-AB driven by bias corrected RCMs.
[55] The ensemble average of the anomalies of burned area and C emissions simulated are reported in Figures 3  and 4 , respectively, along with the intermodel variability (gray error bars). The results show a general increase of the future burned area and C emissions, especially after year 2040, in almost all the regions selected. The ensemble mean and intermodel variability of burned area and C emissions simulated for the different regions are reported in the Supplementary Materials.
[56] The trends computed by using the piecewise linear regression analysis (Table 3) show a change in the sign of the slopes (breakpoint) in the time series for EU, SEU, and IP (Figures 3 and 4) . For all the regions, a positive trend is observed after 2020: the steeper trends occur in SEU and CEU, while in IP the trends level off by the second-last decade of the century. No statistically significant trends can be detected for NEU and in the UK (Table 3) . However, in these regions an increase of the year-to-year variability of future fire regimes is also expected (Figures 3 and 4) .
[57] The intermodel range (gray bars in Figures 3 and 4 ) emphasizes the large uncertainty of modeled burned area and C emissions for all the regions due to the variability of the ensemble meteorological forcing. Nevertheless, the trends detected with the piecewise regression analysis show a consistent signal between model realizations, as shown by the standard deviation of trends in Table 3 .
[58] The maps of the differences from the baseline of the total fire occurrence probability (P), burned area, and C emissions by fires for the three reference periods ( Figure 5) show a projected increase of all the variables for the Iberian Peninsula, Mediterranean areas, and South-Eastern and Eastern Europe. It is noteworthy that a lower increase of C emissions is projected (Figure 5i ) in the Iberian Peninsula and in Eastern Europe, where an increase of fire probability and burned area is expected (Figure 5c and f).
[59] Figure 6 shows future relative variations of the interannual variability of fire probability, burned area, and C emissions by fires. Interannual variability of fires, computed as the standard deviation of annual sums, is expected to increase more in Eastern Europe and in the Balkans, while remaining similar to the baseline period in the Western Mediterranean areas.
[60] The analysis of the changes in frequency of severe fire season is reported in Table 4 , which shows the 90th percentile of annual burned area and C emissions in the different regions, as well as the number of years for different periods in which the baseline 90th percentile threshold is exceeded. The same analysis is also presented for the detrended time series. The regions where the frequency of severe fire seasons are expected to increase are SEU, NEU, and CEU; in IP an increase was also observed, though significantly less than in other regions. Moreover, Tables 5 and 6 show an increase of the interannual variability of burned area and C emission everywhere in Europe, although for IP the increase is less significant. The areas where the interannual variability is expected to increase most are the Balkan regions and Eastern Europe ( Figure 6 ); with similar spatial patterns for IP_P, burned area and C emissions.
[61] Figure 7 shows the relative variation (compared to the baseline) of the three components of the total fire occurrence probability, namely, IP_P b (equation 1, probability related to Figure 5 . Maps of mean fire occurrence probability (Mean Fire P), fraction of the grid-cell burned (%BA), and C emissions from fires (FIRE_CLOSS) for the baseline period . Anomalies to the baseline in mean fire occurrence probability (Δ Mean Fire P), fraction of the grid-cell burned (%ΔBA), and C emissions from fires (ΔFIRE_CLOSS) for different reference periods , and 2070-2100). Figure 1 . ns represents areas without statistically significant trends. biomass availability), IP_P m (equation 2, the probability conditioned on the moisture), and IP_P i (equation 3, the probability of ignition), along with the intermodel range (shaded areas). IP_P b and IP_P m increase for all the regions, with a steeper trend for IP_P m . IP_P i decreases in time in all the regions (except for CEU), due to the effect of the population density projections on human-caused fire ignition (equation 5) and suppression (equation 6). a Number of years with burned area greater than p90 for the original (N years > p90) and the detrended (N years > p90 detrended) time series. IAV is the standard deviation of detrended annual burned area computed for the different periods. Data are reported for the average of the ensembles runs (mean), and the intermodal range (min and max). Statistics are reported for the different regions depicted in Figure 1 . Figure 6 . Maps of the anomalies to the baseline of the interannual variability of mean fire occurrence probability (Δ Mean Fire P), fraction of the grid-cell burned (%ΔBA), and C emissions from fires (ΔFIRE_CLOSS) for different reference periods (2010-2040, 2040-2070, and 2070 -2100) .
Relative Importance
[62] Figure 8 shows the Red-Green-Blue (RGB) composite of the relative importance of the drivers (i.e., temperature, precipitation, and NPP) in the different reference periods. Each layer of the composite is a map of the relative importance of temperature, precipitation, and NPP, with values ranging between 0 and 1 and displayed as gradations of a single color. In the resulting map the green, red, and blue colors represent areas where fire regimes are driven by NPP, temperature, and precipitation, respectively. The figures show the importance of NPP as a driver of the temporal variability of C emissions in the Mediterranean area. In Central and Eastern Europe, it is not possible to identify a predominant Baseline (1960 Baseline ( -1990 , and to the Actual Period (1990 Period ( -2010 Figure 1 . driver, because of the comparable contribution of temperature, precipitation, and NPP to the spatial pattern of the C emissions. In Northern Europe, future annual C emissions from fires are mainly driven by temperature. Comparable results were obtained for the burned area (data not shown).
[63] The plot of the longitudinal mean of the relative importance of the drivers (Figures 8a-8d, right) as a function of latitude shows that in southern Europe, annual precipitation is the second most important driver of the interannual variability of C emissions by fires, while in Northern Europe temperature and precipitation are the two main determinants of the variability of annual fires.
[64] The relative variations compared to the baseline of the importance of the three drivers averaged over the regions are reported in Figure 9 . For SEU and IP, the relative importance of precipitation is expected to increase in the future (~10% in 2070-2099) , although, as demonstrated in Figure 8 , NPP will remain the most important driver. For CEU and NEU, temperature shows the highest relative increase in importance:~10% and~12%, respectively.
Discussion
[65] In this study we used a fire model implemented in the CLM modeling framework (CLM-AB), specifically optimized for application at the European scale. The results presented above represent, to our knowledge, one of the few attempts at simulating future burned area and C emission from fires at pan European scale by using a process-based fire model implemented in a biogeochemical land-surface model.
[66] We showed that the performance of CLM-AB depends on climate forcing. The use of bias-corrected RCM scenarios [Dosio and Paruolo, 2011] substantially improves the performance of the model over the present climate (i.e., reduction of MAE and RMSE), with a reduction in uncertainty as a consequence (i.e., intermodel variability). The effect of the bias correction is particularly important in SEU (e.g., Southern France, Italy, and Balkan regions) and CEU (in particular in Eastern Europe and in the Baltic region); regions characterized by larger differences between the original and bias corrected air temperature and precipitation . Time series of the three components of the total fires occurrence probability relative to the baseline period : the probability related to biomass availability (IP_P b ), the probability conditioned on the moisture (IP_P m ), and the probability of ignition (IP_P i ). Thick lines represent the ensemble average, while the shaded areas represent the intermodel ensemble range. Data are reported for the different regions depicted in Figure 1 . [Dosio et al., 2012] . No substantial improvement of the interannual variability explained by the model was observed. It has to be noted that in this study CLM-AB runs were driven by modeled meteorological data, which, although being bias corrected, and therefore, reproducing the probability distribution functions of the observed variable correctly, is not able to reproduce the observed year-by-year variability. However, Migliavacca et al., [2013] showed similar Pearson's r (r = 0.43, p < 0.001) between burned area observed (GFED) and simulated by CLM-AB driven by a meteorological reanalysis (i.e., ERA-Interim reanalysis).
[67] Bias corrected RCM simulations have already been used to improve the performance of hydrological models [Rojas et al., 2011] over the present climate. Although fires are mediated not only by climate but also by anthropogenic factors (i.e., in CLM-AB human-caused ignition depends on the population density, equation 6 and 7), our results showed an improvement of the model performances. It might be noted that in this study we used only bias corrected temperature and precipitation data. Future efforts should be addressed toward correcting other meteorological variables (in particular radiation, wind speed, and specific humidity) in order to maintain the consistency between the meteorological variables used to force models. However, temperature and precipitation are widely recognized to be the main meteorological variables that drive fire regimes.
[68] The scenario analysis shows a future increase in the burned area and C emissions from fires in all the regions in Europe (Table 6) , with notable geographical differences (Figures 3-5 ). Over the European domain an increase of 35.8% (99.3%) of burned area (C emissions) is expected by the end of the century, with a trend of 0.022 ± 0.009 MHa/yr (0.134 ± 0.066 TgC/y) from~2007 onward. In absolute terms, IP and SEU are the areas where the impact of the increase in fire occurrence is more pronounced, although in relative terms CEU and NEU are the areas where the increase is higher (Table 6 ). Years with extremely severe fire seasons are expected to increase in Europe by the end of the 21st century; in particular in SEU, CEU, and NEU. This might be considered as a conservative estimate because process-based fire models are well known to underestimate the frequency of extreme events [e.g., Migliavacca et al., 2013; Thonicke et al., 2010] . A notable feature of the time series presented in Figures 3 and 4 is the decreasing trend of burned area and C emissions observed in the Mediterranean at the beginning of the simulation, and the consequent breakpoint of the trend around 2010 (for SEU) and 2020 (for IP). This suggests that the reduction of the ignition probability IP_P i (Figure 7 ) and the improvement in fire suppression offsets the increase of IP_P m (related to the decrease in precipitation) and IP_P b , leading to an overall reduction of the fire incidence. Afterward, the exacerbated environmental conditions lead to a further increase in IP_P m and the establishment of a positive trend.
[69] The intermodel variability (gray bars Figures 3-5 ) also demonstrates the large variability in results due to the meteorological forcing used to run CLM-AB. The different RCM data sets used here are based on the same socioeconomic emissions scenario (i.e., SRES A1B) and, therefore, represent an equally probable representation of the future climate.
[70] The projected burned area and C emissions from fires are consistent overall with previous findings at a European scale [Amatulli et al., 2013; Lindner et al., 2010; Schelhaas et al., 2010] . The increase of burned area and C emissions for IP and SEU is less pronounced than that reported in other studies, which showed an increase up to 400% for burned area.However, these are not fully comparable, either because they are local studies [e.g., Carvalho et al., 2010] or because the emission scenario is not fully comparable [e.g., Amatulli et al., 2013] .
[71] We hypothesized that the lower sensitivity of fire patterns to climate change found in this study is related, first, to the projected human ignition/suppression probability that Figure 8 . RGB composite of the maps of the relative importance of Net Primary Productivity (NPP), temperature (T), and precipitation (P). Green, red, and blue colors represent areas in which fire regimes are dominated by NPP, T, and P, respectively. Maps are reported for the different periods: (a) 1960-1990, (b) 2010-2040, (c) 2040-2070, and (d) 2070-2099 . In Figures 8a-8d (right) , the latitudinal gradient of the relative importance of the three drivers is also reported. decreases in almost all the regions (Figures 3 and 4) and, second, to the role of vegetation productivity (Figure 8 ). These factors were not explicitly included in previous studies at European scale, in which the fire models were driven by climatological information alone [e.g., Schelhaas et al., 2010] , and therefore, potentially overweighting the impact of climate change on future fire patterns. For instance Amatulli et al., [2013] suggests that the reason for this overweighting is that the potential decrease in fuel load is not taken into account, in particular in Mediterranean arid ecosystems.
[72] In CLM-AB, the human ignition/suppression probability (fire ignition/suppression) is governed by the temporal evolution of population density [Kloster et al., 2010] . The projected changes in population density under the A1B scenario lead to a decrease in ignition and an increase in suppression, therefore limiting the increase of the overall probability of fire occurrence.
[73] The projected reduction of vegetation productivity in some regions (e.g., IP and SEU) also explains the lower increase in burned area and C emissions compared to other studies mentioned above. Our earlier results [Migliavacca et al., 2013] proved that CLM-AB is able to mimic correctly the climate (temperature-precipitation), productivity relationship observed with GFED. For Mediterranean areas, our results (Figure 8a NPP) suggested that, under present climate conditions, NPP is the main driver of the spatial and temporal patterns of C emissions from fires. These results are consistent with the "intermediate fire-productivity hypothesis" [Pausas and Ribeiro, 2013] and with other analyses over the same domain, which showed that fire regimes are fuel limited [e.g., Pausas and Bradstock, 2007] , and that fuel structure and vegetation functioning are more relevant in driving fire activity than the frequency of climatic conditions conducive to fire [Pausas and Paula, 2012] .
[74] Under the climate change scenario used, NPP remains the most important driver of C emissions, even though the relative importance of precipitation increases toward the end of the century. Therefore, according to our results, the effects of the projected decrease in precipitation and increase in the frequency of drought events on biomass burning will be partly counteracted by the decrease in NPP, which ultimately controls the trends of fire patterns. These results might therefore be helpful to identify different management and adaptation strategies to adopt for tackling climate change effects on fire patterns.
[75] In Central and Northern Europe and in the Baltic Region, temperature and precipitation are the most important drivers of fire regimes, under both present and future climate conditions. In these regions, thanks to the high primary productivity, fuel (i.e., biomass) is available and the fire regime is driven by the frequency of droughts.
[76] In synthesis, this analysis shows that mechanistic models such as CLM-AB can effectively support the understanding of the underlying processes and the potential changes in the environmental drivers of fire under a climate change scenario. This process oriented approach may play an important role in the assessment of climate change impacts on fire regimes. The consistent differences observed with prognostic models that ignore the climate-land interactions might have important implications for the identification of the regions more vulnerable to climate change, as well as for discussion on the different management strategies and adaptation options necessary to tackle the impacts of climate change. However, future efforts should introduce a spatially variable relationship between fire ignition sources and population density, including different socioeconomic factors, available resources for prevention and for fire suppression as additional model parameters and drivers.
[77] In this context, the use of land-surface models as well as further development of statistical models based on pyrogeography research [e.g., Krawchuk et al., 2009; Krawchuk and Moritz, 2011] , which links the global distribution of fire activity to vegetation productivity and climate, could provide a framework for further understanding the mechanism of change in fire regimes at different temporal and spatial scales, and for gauging the uncertainty of different modeling approaches and products. 
Summary and Conclusions
[78] In this study, we presented simulations conducted with the CLM-AB of total fire occurrence probability, burned area, and C emissions from fires at the European scale for the period 1960-2099 under the SRES A1B climate change emission scenario.
[79] The CLM-AB was forced by a set of five RCM runs. We showed that model performance was improved by using bias corrected meteorological forcing. The use of this forcing also helped to gauge the intermodel uncertainty.
[80] According to our model simulations, burned area and C emissions from fires are expected to increase in Europe, in particular in the Mediterranean basin, in the Balkan regions and in Eastern Europe. We demonstrated that the lower sensitivity of fire regimes to climate change was related to the predicted reduction in NPP, which was identified as the main driver of C emissions and burned area in the Mediterranean region.
[81] This behavior, consistent with the intermediate fireproductivity hypothesis, limits the sensitivity of future fire regimes to climate change, providing more conservative estimates about projected fire patterns. In conclusions, the use of CLM-AB improves the description of fire regimes in arid areas like the Mediterranean basins where vegetation productivity may act as a limiting factor for fires.
[82] This study represents one of the first attempts to simulate burned area and C emissions from fires at European scale during the 21st century using a process-based fire model. Here we focused on one specific model (CLM-AB) and one specific source of uncertainty (i.e., uncertainty related to the meteorological forcing of the model under one specific climate scenario). Future research should be addressed toward the characterization of the uncertainty by using an ensemble of process-based fire model structures simulation with the same modeling protocol and, also, different socioeconomic climate change scenarios. The uncertainty related to model parameters and assumptions (i.e., seasonally constant) should be also addressed. This could be particularly relevant for parameters related to combustion completeness might be characterized by a marked seasonal variability. An effort toward the inclusion of socioeconomic factors and a description of the impacts of suppression and prevention policy is also needed to improve continental scale fire modeling and the spatiotemporal variability of human-induced ignition sources.
